The prevalence of enterotoxins and toxic shock syndrome toxin (TSST-1) production in strains isolated from patients with Staphylococcus aureus septicaemia, and the serum antibody response in relation to toxin production in vitro of each isolate, were investigated. Among 63 strains of S. aureus isolated from the blood of patients with septicaemia, 51 from patients with superficial wounds and 49 from nasal carriers, 50-60% produced at least one of the enterotoxins A-D or TSST-1. The most frequent toxins produced were enterotoxins A and C and TSST-1. Among the 63 patients with staphylococcal septicaemia, 51 (81%) had a significant rise or a high antibody titre, or both, to at least one of the toxins. A positive serological response to toxin A was found in 78%, to enterotoxin B in 83%, to enterotoxin C in SOYO, to enterotoxin D in 86% and to TSST-1 in 92% of the patients from whom the isolated strain produced the respective toxin. Antibodies against enterotoxins A, B, C and D and TSST-1 were also seen in 35%, 16%, 32%, 59% and lo%, respectively, in patients infected by strains that did not produce the specific toxin. Immunological cross-reactions between the toxins were demonstrated both in hyperimmune sera obtained from rabbits and in patients' sera, particularly between enterotoxins B and C. It is concluded that these potent toxins with superantigenic properties are produced in vivo during S. aureus septicaemia. No differences with regard to enterotoxin or TSST-1 production or antibody response were noted between patients with complicated versus uncomplicated septicaemia.
Introduction
Staphylococcus aureus is the cause of a wide spectrum of human infections ranging from the common boil to osteomyelitis, toxic shock syndrome and septicaemia. The latter is a serious disease with a mortality of 20-30% [l] and an increasing prevalence [2] . The ability of S. aureus to cause such a wide range of diseases may be associated with its production of a large number of extracellular toxins and other virulence factors. It is known that some of them are important in specific diseases such as toxic shock syndrome, scalded skin syndrome and food poisoning. The exact roles of the individual extracellular products in the pathogenesis of a systemic infection such as septicaemia are still not clear.
The staphylococcal enterotoxins are a group of closely related protein toxins that cause gastrointestinal Received 23 May 1995; accepted 3 1 July 1995 intoxication [3] . Toxic shock syndrome toxin (TSST-1) is the significant toxin in the pathogenesis of toxic shock syndrome (TSS) [4, 51. These toxins have other biological activities such as pyrogenicity and T-cell mitogenicity. They are potent inducers of various cytokines, such as interferons, interleukins and tumour necrosis factor . The toxins also display superantigenic properties, i.e., they bind directly to class 11 major histocompatibility complex (MHC) proteins and, as such complexes, stimulate T cells carrying particular V beta variants. These superantigens act at nanomolar concentrations and do not require the processing typical for normal antigens [ 12-1 61. Thus, there are reasons to suggest that the enterotoxins and TSST-1 can play an important role in diseases other than food poisoning and TSS.
The capability of S. aureus strains isolated from different sources to produce enterotoxins and TSST-1 and the antibody response against them have been studied previously. The published data differ widely and depend on the country where the study was performed as well as on the methods used. For instance, production of TSST-1 was found in only 5% of isolates in Hungary [17] , in 20% in Switzerland [18] and in as many as 52% among isolates from different regions of the USSR [19] .
The aim of this study was to investigate the prevalence of enterotoxin and TSST-1 production in vitro by strains isolated from patients with S. aureus septicaemia and from carriers and to confirm their production in vivo through determination of serum antibody responses to them in septicaemic patients.
Materials and methods

Patients
Production of enterotoxins A, B, C1 and D and TSST-1 was determined in 63 strains isolated from the blood of septicaemic patients, 49 strains isolated from the nasopharynx of healthy carriers and 51 strains isolated from superficial wounds of out-patients.
IgG antibodies against staphylococcal enterotoxins A, B, C1 and D and TSST-1 were determined in 166 sera from 63 patients, aged 10-91 years (median 70), with S. aureus septicaemia verified by positive blood culture. The serum samples were drawn on admission and subsequently about once a week. Sera were stored at -70°C until assayed. The patients had been admitted to the Department of Infectious Diseases of the Orebro Medical Center between 1988 and 1992 with clinical signs of septicaemia, such as fever >38.5"C, shaking chills, tachypnoea, tachycardia and hypotension. Forty-seven patients had communityacquired septicaemia and in 16 cases the septicaemia was contracted during hospital stay. None of the patients presented the clinical signs and symptoms of toxic shock syndrome (TSS). Immunosuppression was found in seven patients and malignant disease was present in four; 13 patients had diabetes mellitus.
Complicated septicaemia, defined as a complicated clinical course with septic metastases, such as acute osteomyelitis, septic arthritis or extensive abscesses (long-standing, insufficiently drained), was found in 43 patients. Endocarditis, according to the strict case definition of von Reyn [20] , was found in 15 patients. Five (8%) of the patients died soon after the acute septicaemic event (3-15 days after admission to hospital). Uncomplicated septicaemia without any evident focus was present in 20 patients.
Acute and convalescent sera from 24 patients, 32-96 years old (median 74), with septicaemia due to aetiological agents other than S. aureus served as controls. The following bacteria were isolated from these patients: Streptococcus pneurnoniae (n = 9), Escherichia coli (6), S. epiderrnidis (2), Klebsiella pneurnoniae (2), Str. pyogenes (l), Str. agalactiae (I), K. oxytoca (l), Enterobacter cloacae (1) and Bacteroides fragilis (1) .
To determine the upper limits of normal serum IgG titres to staphylococcal enterotoxins and TSST-1, sera from 103 healthy individuals were examined and assumed to represent a 'normal population', mainly blood donors 20-88 years old (median 45). As in a normal population, recent or current minor staphylococcal infections were not excluded.
Production of enterotoxins A, B, C and D and TSST-1 by isolates of S. aureus Enterotoxin and TSST-1 production by S. aureus strains isolated from patients were tested by reversed passive latex agglutination (RPLA) with commercial kits SET-RPLA and TST-RPLA (Oxoid, Unipath Ltd) according to the manufacturer's instructions. The strains were cultivated for 20 h in brain heart infusion broth at 37°C and the supernates were diluted from 1 in 2 to 1 in 128 (two-step dilution) in a 96-well microtitration plate. Latex suspensions, sensitised with specific antibodies, were added to each dilution. The agglutination was read after incubation overnight at room temperature.
ELISA
Immulon-2 polystyrene 96-well microtitration plates (Dynatech Lab, Virginia, USA) were coated with PBS solutions of enterotoxins A, B, C or D or TSST-1 (Toxin Technology Inc, FL, USA) overnight at room temperature. The optimal coating doses were determined by antigen titration and were 0.5 pg/ml for enterotoxins A, C and D and TSST-1, and 0.25 pg/ml for enterotoxin B. Plates were washed four times with PBS supplemented with Tween 20 (PBS-T) and dilutions of sera were added. The following dilutions of sera were used: 1 in 1000 for determination of anti-SEA and anti-SED titre, 1 in 2000 for anti-SEB and anti-TSS titre, 1 in 4000 for anti-SEC titre. The plates were incubated for 1 h at room temperature and then washed three times with PBS-T. Anti-human IgG conjugates (Sigma) were added and plates were incubated at room temperature overnight. The ELISA was developed with p-nitrophenyl phosphate as substrate (Sigma); a volume of 100 pl was used in each step. The test results including developing time were continuously standardised against five human reference sera with known titres.
The ELISA titre was defined as the absorption value at 405 nm multiplied by the serum dilution. A high titre was defined as a value higher than the upper limit of the sera from the normal population. A significant rise of titre was defined as at least a twofold increase between the acute and a later sera. A patient with a high titre or a significant rise of titre, or both, was considered to have positive serology.
Immunological cross-reactions
Immunological cross-reactions between enterotoxins A, B, C and D and TSST-1 were studied with rabbit sera. For each toxin two rabbits were immunised five times intramuscularly at 2-week intervals. Rabbits were bled 2 weeks after the last immunisation and the sera were analysed by ELISA according to the above procedures with anti-rabbit IgG conjugate (Sigma).
Statistical methods
Fisher's exact test was used for two-sided comparisons between groups.
Results
Toxin production
Thirty-seven strains (59%) of S. aureus isolated from the 63 patients with septicaemia produced at least one of the enterotoxins or TSST-1, or both (Fig. 1) . The most frequent were enterotoxin A, enterotoxin C and TSST-1 which were found in 14 (22%), 10 (16%) and 12 (1 9%) strains tested, respectively. Enterotoxin B was produced by only 6 (10%) and D by 7 (1 1%) strains. Twelve strains produced more than one toxin. The most common combination was enterotoxin A and TSST-1, which was found in 8 (13%) strains.
Distribution of toxin production by strains isolated from nasal carriers and from superficial wounds exhibited a similar profile to those isolated from septicaemic patients but with some divergences (Fig. 1) .
Antibody response
The presence of IgG antibodies against staphylococcal enterotoxins and TSST-1 was studied in 103 healthy individuals. No distinct age-correlated variations were found in any age group for all tested toxins (data not shown). Therefore, the common upper limit of normal titre values, set at the 95th percentile of the healthy controls, were 380 for anti-SEA and anti-SED, 1100 for anti-SEB, 2600 for anti-SEC and 1300 for anti-TSST-1 (Fig. 2) .
Among 63 patients with staphylococcal septicaemia 5 1 (81%) had a significant rise or high titre, or both, to at least one of the tested toxins. Positive serology, i.e., a high or a significant rise of titre, or both, to toxin A was found in 11 (79%) of 14 patients from whom the strains producing enterotoxin A were isolated (Table 1) . Corresponding figures for anti-enterotoxin B were 5 of 6, for anti-enterotoxin C 8 of 10, and for anti-enterotoxin D 6 of 7 patients infected by a strain producing the specific toxin (Table 1) . Similarly, 11 (92%) of 12 patients infected by strains producing TSST-1 showed a high titre or a rise in anti-TSST-1 titre, or both (Table 1) . In eight cases, the strains produced both TSST-1 and enterotoxin A and a positive antibody response was found against both toxins in five patients. The kinetics of the respective antibody response are illustrated in Fig. 3 , which shows the antibody response in each patient from whom the isolated strain produced the appropriate toxin and more than one serum sample was available. This figure demonstrates the relationship between high titre and the degree of rise in titre. The differences between the different toxins are also illustrated, as is the time of seroconversion.
Antibodies against enterotoxins A, B, C and D and TSST-1 also developed in patients infected by strains that did not produce the specific toxin or did not produce any toxin in vitro ( Table 1 ). The summarised figures from columns 2 and 3 in Table 1 (Table 1) .
Four (40%) of 10 patients from whom strains producing toxin C were isolated also developed antibodies against toxin B and 5 (83%) of 6 patients infected by strains producing toxin B also developed antibodies against toxin C. Analogously, with immunised rabbits, enterotoxin C reacted identically with antisera raised against enterotoxin B and antisera against enterotoxin C, whereas enterotoxin B reacted with antisera against enterotoxin C only to a limited extent (Fig. 4b) . Furthermore, minor cross-reactions between anti-toxin A and antigen D were noted (Fig. 4a) . Hyperimmune sera from rabbits showed no cross-reactions between TSST-1 and the enterotoxins (data not shown).
No statistically significant differences in antibody response between patients with complicated and uncomplicated septicaemia were found. The same results were obtained in a comparison of endocarditis and non-endocarditis patients.
Discussion
Staphylococcal enterotoxins and TSST-1 exhibit diverse biological activities, but the pathogenic significance of these toxins is not hlly understood. Therefore, it was of interest to investigate the capacity of S. aureus strains isolated from patients with septicaemia to produce enterotoxins A, B, C and D and TSST-1 and the corresponding antibody responses to these toxins.
The present study analysed 63 isolates of S. aureus and 166 serum samples from 63 patients with staphylococcal septicaemia. The most frequent toxins produced by the strains were enterotoxins A and C and TSST-1; 59% of isolates produced at least one of the toxins. These data are different from those reported elsewhere. Among the S. aureus strains isolated in blood from Ireland [21] , enterotoxins B, C and D were detected more often, whereas enterotoxin A was produced by similar and TSST-1 by lower percentages of strains as compared to the present study. On the other hand, enterotoxins A and B were detected more frequently and TSST-1 less frequently among clinical isolates in Germany [22] . In Sweden, the frequency of production of TSST-1 among S. aweus septicaemia strains was reported to be 18% [23] which is in agreement with our finding of 19%.
No statistical difference in toxin production was found either among strains isolated from patients with endocarditis compared to those without endocarditis, or from patients with complicated septicaemia compared to uncomplicated septicaemia (data not shown).
patients infected by S.
Isolates from superficial wounds and carriers were investigated for production of enterotoxins and TSST-1. Some differences in toxin production were noted among these groups (Fig. 1) . Generally the toxins were produced by a lower percentage of strains isolated from wounds, but only in the case of enterotoxin A was the difference statistically significant. This result differs from those reported by Humphreys et al. [21] , where isolates from carriers did not produce enterotoxins A, B or C and only a few of them produced enterotoxin D and TSST-1. The differences in toxin production reported by various authors could be due to different techniques used to detect them or to local geographical variations.
To set the upper limit of normal serum titres for antienterotoxins and anti-TSST-1, sera from 103 healthy controls were analysed. The lowest titre value was found for antibody to enterotoxin A. This is surprising K. KANCLERSKI ET AL. as this toxin is the most commonly produced enterotoxin in S. aureus strains. The absence of antibodies against enterotoxin A in about 50% of the population has also been reported in Germany [22] . The reason for this low frequency of serological response is not known, but enterotoxin A has been reported to cause inhibition in vitro of immunoglobulin production against other antigens by human B lymphocytes and not to cause production of specific Ig against itself in the presence of normal T lymphocytes [24] . On the other hand, the latter study reports the same effects of TSST-1, while antibodies against this toxin are quite strongly produced by the population in general as well as by the septicaemic patients (Figs 2 and 3 , Table 1 ). Furthermore, the patients infected with strains producing enterotoxin A also responded quite well.
A strong correlation was found between toxin production by the strains isolated from blood and the antibody response (Fig. 3, Table 1 ); 79-92% of the patients developed antibodies against the toxin produced by the isolated strain. Positive serology as defined by high titre or significant rise of titres, or both, against the toxins which were not produced by isolated strains was also noted. However, this nonspecific immune response was relatively weak, i.e., a barely significant rise of titre from low initial titres, sometimes without exceeding the upper limit value.
Isolates from 26 patients did not produce any of the investigated toxins. Twenty-four of these patients could be fully analysed with respect to antibody response, but two of them were sampled < 7 days after onset of disease. Sixteen (67%) of these 24 patients displayed positive serology to at least one of the toxins. The majority of these only showed a high titre and not a rise in titre (Table 1) . One patient gave a positive serological response to all toxins except enterotoxin B, a finding that might be explained by oligoclonal or polyclonal stimulation. Among the non-S. aureus septicaemia patients, a positive antibody response against the toxins was found in only a few cases (Table 1 ).
An unsolved question is whether this antibody response is non-specific or if appropriate toxin is not produced in vitro in detectable amounts. Another explanation could be immunological cross-reactions between the toxins [25, 261, which seems to be the case in some patients in this study, as similar responses to enterotoxin C in patients infected by strains producing enterotoxin B and vice versa were noted. This cross-reaction is explained by the common epitopes found for these toxins [26] . The non-specific reactions suspected in the human antisera were supported by the cross-reactions found with rabbit antisera (Fig. 4) .
In all, 5 0 4 0 % of strains isolated from patients with S. aureus septicaemia, wound infections or from carriers produced at least one enterotoxin or TSST-1, or both. A strong correlation between antibody response and production of the appropriate toxin was found in the septicaemic patients. Unexpectedly low titres of anti-enterotoxin A were found in healthy controls, whereas there was a significant antibody response to enterotoxin A in septicaemic patients. Immunological cross-reactions among the toxins were demonstrated both in hyperimmune sera obtained from rabbits and in patient sera, mainly between enterotoxins B and C. No differences with respect to production of toxins or the antibody response were seen between patients with complicated and uncomplicated septicaemia.
